Molecules containing an aziridine functional group are a versatile class of organic synthons due to the presence of a strained three member, which can be easily involved in ring-opening reactions and the aziridine functionality often show interesting pharmaceutical and/or biological behaviours. For these reasons, the scientific community is constantl y interested in developing efficient procedures to introduce an aziridine moiety into organic skeletons and the one-pot reaction of an alkene double bond with a nitrene [NR] source is a powerful synthetic strategy.
Introduction
Aziridines, the smallest N-heterocycle compounds, have attracted considerable attention in the last few decades due to their many applications in biological and synthetic chemistry [1] . The aziridine functionality is often responsible for the activity of biologically active species (such as antitumor compounds, antibiotics and enzyme inhibitors) and aziridine containing molecules [2] are also useful building blocks in the synthesis of fine chemicals and pharmaceuticals [3] [4] [5] [6] . The striking chemical properties of aziridines are due to the energy associated to the strained threemembered ring [7] , which renders them very active and versatile starting materials for the synthesis of several useful molecules such as amines, amino acids, β-lactams, polymers and α-amido ketones [8, 9] .
In view of their interesting chemical peculiarities and the scarcity of widespread procedures for their preparation [10] , the scientific community is constantly interested in the development of new synthetic protocols which are more efficient than traditional methods such as cyclization of amino alcohols or the reaction between imines and diazo-containing compounds [9, 11, 12] .
Among available synthetic strategies, the direct aziridination of alkenes promoted by transition metal complexes is a very interesting and promising approach, where the catalytic performance can be tuned up by selecting the opportune nitrene source and metal catalyst (Scheme 1) [13] .
Scheme 1. General synthetic pathways affording aziridines.
Iminoiodinane compounds [14] , amides in presence of hypervalent iodine reagents [15] , haloamine-T salts [16] and organic azides [17] [18] [19] represent the most applied classes of nitrogen sources and the latter have recently received great attention as nitrene transfer agents due to their high atom efficiency. On the other hand, numerous transition metal catalysts [20] have demonstrated to be efficient promoters of nitrene transfer reactions and among them, complexes of group 8 metals is one of the most active classes [14, [21] [22] [23] .
This review summarises the most important results obtained during about last ten years (from 2006 to March 2017) on the catalytic activity of iron or ruthenium complexes to promote the catalytic aziridination of alkenes by focusing a particular attention on innovative catalytic systems which combine good performance with good eco-tolerability. Thus, the employment of iron derivatives is of noticeable importance due to the abundance of iron metal on Earth associated to its low cost and low biological toxicity as well as attractive chemical properties. The contents of this review are categorised by the type of ligand employed to synthesise iron or ruthenium complexes and data reported in the literature up to March 2017 are herein discussed. We hope that this report will stimulate further research interest in this area and we sincerely apologise in advance if some important contributions have been unintentionally omitted.
Metal Porphyrin Catalysts

2.1.
Iron.
Metal porphyrin complexes have been extensively employed as aziridination catalysts [24] [25] [26] and since it was established that iron porphyrins efficiently promote the reaction of alkenes with
PhI=NR compounds leading N-substituted aziridines [27] , several papers were published up to 2006 [28] [29] [30] [31] [32] . As stated above, the catalytic sustainability of iron complexes is currently pushing the scientific community to devote more attention to the study of the catalytic properties of these species. In 2010, C. M. Che's research group [33] porphyrin) where the iron metal is coordinated to an electron poor fluorinate porphyrin ligand. Both electron-poor and electron-rich substituted styrenes were aziridinated forming aziridines 2-11 (Scheme 2) with excellent yields up to 95% and the catalytic procedure was also effective to convert aliphatic alkenes into corresponding aziridines 12-17 (Scheme 2) in good yields (up to 85%). It should be noted that the aziridination of some less reactive substrates was run under microwave irradiations with a consequent enhance of the catalytic efficiency both in terms of the reaction time and productivity.
Considering that metal porphyrins are involved in several processes that sustain living systems and constitute the active site of many enzymes, a great effort has been devoted to the engineering of natural enzymes in order to create new biocatalysts active in promoting non-natural reactions. In this contest, F. A. Arnold and co-authors reported in 2015 [34] the catalytic activity of engineered enzymes obtained by replacing some specific residues of cytochrome P450 BM3 . Among all the mutated enzymes, the biocatalyst P-I263F (18) (P = P411 BM3 -CIS-T438S) was active in catalysing the reaction of 4-methyl styrene with TsN 3 to form aziridine 3 with 40% yield and with a 55% ee of (S)-enantiomer.
Two subsequent mutations of P-I263F were then responsible for the formation of P-I263F-A328V-L437V (19) , which showed a better catalytic efficiency than the parent P-I263F enzyme and aziridine 3 was achieved with a larger yield (55%) and outstanding (S)-selectivity of 99% ee. The scope of the reaction was investigated in the presence of biocatalyst 19 and both electron rich and electron poor styrenes were converted into corresponding aziridines by using TsN 3 as the aminating agent (Scheme 3). Data reported in Scheme 3 shows that even if the aziridination of encumbered alkenes occurred with very high enantioselectivities, desired aziridines 20-23 were formed in very low reaction yields.
Scheme 3. Synthesis of aziridines catalysed by P-I263F-A328V-L437V (19) enzyme.
To the best of our knowledge the mechanism of iron porphyrin-catalysed aziridination has not been explained in detail up to now. The formation of a (porphyrin) + Fe=NR(L) imido intermediate, active in transferring the nitrene functionality 'NR' to a double bond of an alkene substrate, was suggested in analogy to mechanistic proposals regarding oxidation reactions mediated by highvalent iron-oxo porphyrins. A DFT study of the catalytic activity of (porphyrin) + Fe=NR(L) species in the alkene aziridination disclosed that the nitrene transfer reaction could occur by a stepwise process in which the -bond activation of the alkene is followed by a ring closure step forming aziridine (Scheme 4) [35] .
Scheme 4.
Proposed mechanistic pathway for the nitrene transfer reaction.
Considering that dipyrromethene ligands can be considered as a half porphyrin molecule, dipyrrinato iron catalysts are discussed in this section dedicated to porphyrin ligands. T. A. Betley and co-authors synthesised iron (II) complexes 24 [36] and 25 [37] to use them as catalysts for the aziridination of several alkenes which led to compounds 26-33 reported in Scheme 5. Both alkyl and aryl azides were converted into desired aziridines with yields up to 86%. The authors proposed that the catalytic reaction occurred via a radical mechanism in which an iron imido radical intermediate was the catalytically active species (Scheme 6). This proposal was supported by the isolation and complete characterisation, including X-ray structural determination, of complex 34 where a high-spin Fe III metal centre was coupled to an imido radical nitrogen atom. An iron imido radical species with a molecular structure similar to 34 was reacted with a dimeric ferrous species to synthesise complex 35, which was also active in transferring the nitrene unit to styrene to form the corresponding aziridine (Scheme 7) [38] .
Scheme 7. Synthesis of complex 35.
Ruthenium.
Ruthenium porphyrin complexes are very active promoters of aziridination reactions by using either iminoiodinane compounds (ArI=NR) [39] [40] [41] [42] [43] or organic azides (RN 3 ) however, since 2006 the latter aminating agents have mainly been used as nitrene sources due to their more sustainable peculiarities. In particular, Ru(porphyrin)CO complexes 36-47 (Chart 1) were very active for the synthesis of N-aryl aziridines obtained from the reaction of alkenes with aryl azides [44] .
Chart 1. Structures of ruthenium catalysts 36-47
Catalyst Ru(TPP)CO (36) (TPP = dianion of mesotetrakis(phenyl) porphyrin) was employed to study the reaction scope by reacting several aryl azides with differently substituted alkenes to form 37 differently substituted aziridines (Scheme 8) and best results were achieved by using terminal alkenes and electron poor azides. To enlarge the scope of the synthetic procedure, ruthenium porphyrin complexes were also used to catalyse the reaction of conjugated dienes with aryl azides, which afforded N-aryl-2-vinylaziridines with very good chemoselectivities [45] . Considering that this class of very reactive compounds can easily be involved in ring-opening or ring-expansion reactions, the conversion of N-aryl-2-vinylaziridines into heterocycle molecules A-D (Scheme 9) by using silica as an acidic promoter [46] was also investigated.
As reported in Scheme 9, when at least one hydrogen atom is present on C 5 of diene, a was not involved in the rearrangement process and 2,5-dihydropyrroles (C) were the final reaction products (path c). In order to propose a mechanism of the heterocycles formation, theoretical calculations, using density functional theory methods, were also carried out.
Scheme 9. Synthesis and rearrangement of N-aryl-2-vinylaziridines by using Ru(TPP)CO (36) as the aziridination catalyst.
A DFT investigation, coupled with a kinetic study, was also performed to shed some light on the aziridination process mediated by ruthenium porphyrin complexes. E. Gallo, G. Manca and co-authors reported in 2015 [47] a detailed investigation, based on previously published work [48] , which suggested the mechanism reported in Scheme 10 for the Ru(porphyrin)CO-promoted alkene aziridination.
Theoretical data indicated that, even if the initial azide coordination was an endergonic step, the formation of mono-imido (porphyrin)Ru(NAr)CO complex C was energetically favoured. The latter intermediate was catalytically active in interacting with the alkene to yield a diradical compound D.
After which, the electron coupling process was responsible for the aziridine formation and the consequent dismissal of the aziridine molecule from complex E restored catalyst A to permit the catalytic cycle to start again. This mechanistic hypothesis was supported by the isolation of the Ru(porphyrin)CO complex at the end of the aziridination reaction.
Scheme 10.
Proposed mechanism for the Ru(porphyrin)CO-catalysed aziridination of alkenes by
Considering that one of the main drawbacks of classic homogeneous catalysis is the catalyst recycling step, the use of catalytic membrane reactors (CMR), which combine the catalytic reaction with a physical in situ separation of one or more chemicals in a single apparatus, is an interesting upgrade of the catalytic procedure sustainability [49] . E. Gallo and co-authors reported the synthesis of a catalytic membrane which was obtained by embedding Ru polymer Hyflon AD60X (HF) [50, 51] . The high affinity of the CF 3 porphyrinic groups for the polymeric membrane assured a good entrapping of the catalyst, which in turn limited the catalyst leaching during the alkene aziridination. Heterogeneous catalyst HF-37 was efficient for the synthesis of different N-aryl aziridines 48-52 which were obtained with selectivities larger than 98% (Scheme 11) [52] . In several cases the membrane was reused three times with a final low catalyst leaching and no decrease in selectivities. More recently, the ruthenium porphyrin-catalysed synthesis of aziridines was performed in a PTFE mesoreactor under continuous flow conditions which enhanced the process sustainability by reducing the reaction volumes and shortening reaction times. The aziridine synthesis was performed by a two-step process where the aniline was first converted into the corresponding aryl azide, by using a modification of a reported method [54] , and then the Ru(TPP)CO (36)-catalysed reaction of the azide with the alkene produced the desired aziridine molecule [55, 56] . Yields and selectivities of the second step of the flow process were comparable to those achieved by employing the standard batch procedure [44] and the reaction was performed in alkene as the reaction solvent which was easily recycled in the continuous flow process (Scheme 13).
Scheme 13. Synthesis of N-aryl aziridines performed in a PTFE mesoreactor by using a flowcontinuous procedure. 
Metal Porphyrinoid Catalysts
The catalytic activity of several metal phthalocyanines in styrene aziridination by PhI=NTs 
Metal Schiff Base Catalysts
Metal Schiff base complexes have been found over the years to be efficient aziridination catalysts [64] [65] [66] [67] [68] and among employed metal complexes, ruthenium derivatives were also active in mediating asymmetric reactions [69, 70] . The catalytic activity of ruthenium Schiff base derivatives has been mainly investigated by T. Katsuki and co-authors who have studied the reactivity of organic azides for the enantioselective aziridination of alkenes [17] .
The ruthenium (II) chiral Schiff base complexes 89-91 were synthesised and tested as catalysts in the reaction of styrene with TsN 3 forming 2. As reported in Scheme 18, complex 91 showed the best catalytic efficiency, which was ascribed to its pronounced chemical stability due to the presence of aryl substituents bearing chloro and trimethylsilyl groups. It was proposed that C-H amination processes, at the expense of ligand aryl substituents, were responsible for the catalyst deactivation and that decomposition pathways were limited by using bulky and robust chloro and trimethylsilyl groups as in catalyst 91.
Scheme 18. Synthesis of aziridine 2 catalysed by ruthenium Schiff base complexes 89-91.
The best catalysts 90 and 91 were employed by T. Katsuki and co-authors [71, 72] As reported above, SESN 3 revealed to be a very effective aminating agent and this is remarkable in view of the chemical facility in removing the SES protecting group to afford unprotected chiral aziridine molecules.
Concerning the aziridination mechanism, the formation of ruthenium (IV) imido active species was suggested and the observed stereochemistry was attributed to an alkene approach where, in order to minimise steric hindrances, the double bond of the starting material was arranged along the bond between the ruthenium centre and the Schiff base nitrogen atom.
Catalyst 91 was also employed [73] for the enantioselective aziridination of various vinyl ketones by using SESN 3 The catalytic efficiency of complex 112 was confirmed by its capacity to efficiently promote the aziridination of both non-conjugated and aromatic alkenes by using SESN 3 as the nitrogen source (Scheme 21).
Scheme 21. Synthesis of aziridines 98, 113-126 catalysed by complex 112
To the best of our knowledge, since 2006 iron Schiff base complexes have not been used as aziridination catalysts and consequently, they have not been discussed.
Metal Carbene Catalysts
Carbene ligands behave as σ-donor ligands which can substitute typical two electron donor ligands (amines, ethers and phosphanes) in order to form metal complexes largely used to promote homogeneous catalytic reactions including aziridinations of alkenes by organic azides.
D. M. Jenkins and co-authors [75, 76] reported the synthesis of macrocyclic tetracarbene iron complex [(TC)Fe(NCMe) 2 ](PF 6 ) 2 (127) (TC = tetracarbene ligand), which efficiently performed in the catalytic reaction between aryl azides and poor reactive alkenes, such as aliphatic and not to mention tetrasubstituted alkenes (Scheme 22).
Scheme 22. Catalyst 127-catalysed synthesis of aziridines 128-133
The authors attributed the activity of catalysts 127 to the presence of the strong σ-donor 18-atom ringed tetracarbene ligand, which stabilised a putative Fe Interestingly, complex 154, when treated with para-substituted styrenes, was involved in aziridine cross-metathesis reactions yielding aziridino complexes 164-166 as well as styrene free (Scheme 27).
Scheme 27. Cross-metathesis reactions forming complexes 164-166
The reaction reported in Scheme 27 was productive with electron poor alkenes, whereas no reaction was observed when 154 reacted with more electron rich styrenes. It should be noted that a catalytic application of complexes 152- 166 has not yet been reported.
Iron Complexes of Other Nitrogen Ligands
Considering that no other ruthenium complexes, except those reported in previous sections, have been tested since 2006 as aziridination catalysts, this section only deals with the catalytic use of iron complexes not categorised in this review up to now. Due to the great structural diversity of engaged ligands, we have referred to iron complexes in a chronological order as they appeared in different papers we have used for this review. It should be noted that all the surveyed articles employed iminoiodinane compounds as aziridination agents. Considering that collected data indicated that both the presence of a coordinating solvent and/or a sterically encumbered ligand were responsible for a decrease of the reaction stereospecificity, a DFT study was performed to rationalise the stereochemical outcome of the 167-catalysed aziridination of cis-alkenes [84] . C. Bolm and co-authors [85] 
Conclusion
The goal of this review consists in the analysis of data, which have been published since 2006, about the alkene aziridination promoted by iron or ruthenium complexes. Many efforts have been undertaken to optimise synthetic procedures in order to make the one-pot reaction between an alkene and a nitrene source a valuable method to synthesise aziridine containing molecules.
Even if the most reactive alkenes are usually terminal ones and contain an activating group in the alpha position with respect to the double bond, aliphatic and internal alkenes can also be converted into corresponding aziridines by choosing the opportune nitrene source and catalytic system. Even if ruthenium complexes are very active catalysts and their intrinsic chemical stability allows to study the mechanism of the nitrene transfer reaction, the scientific community is turning the attention on the use of iron catalysts to substitute noble metals with cheap first row elements. The great number of papers dealing with the use of iron complexes indicates the importance of these catalysts which combine an outstanding activity with a low-toxicity and cost effectiveness. In addition, published data outline the capability of aza-macrocyclic ligands to coordinate both iron (II) and iron (III) metal centres affording several stable complexes which can be easily handled in every laboratory under standard experimental conditions.
Considering the large application of aziridine containing compounds, it is reasonable to envisage an increasing scientific interest on the development of new and more efficient catalytic systems to produce these molecules by respecting the society's demand for sustainable organic transformations. Many efforts will be done to magnify the synthetic protocol convenience by limiting the formation of waste, maximize the atom economy, avoid the formation of toxic substances and minimize the energy requirement of chemical processes.
